Introduction
Out of the stream of events we experience daily, only some events are transformed into durable memory traces. Modern neuroimaging techniques have helped to uncover the neurocognitive processes underlying successful memory formation using the subsequent memory paradigm (Paller and Wagner, 2002) . In this paradigm, neural activity elicited by events that can later be retrieved is contrasted with neural activity during the encoding of events that cannot be retrieved. Numerous fMRI studies identified the left inferior frontal cortex (IFC) and the medial temporal lobe (MTL) as key regions mediating successful encoding, with higher levels of BOLD activity predicting later recall (Paller and Wagner, 2002) . Different cognitive processes have been associated with these two brain regions. Whereas the left IFC is thought to reflect semantic processing (Otten and Rugg, 2001; Blumenfeld and Ranganath, 2007) , the medial temporal lobe is likely involved in binding an item to its spatiotemporal context (Diana et al., 2007; Staresina and Davachi, 2009 ). We here demonstrate that these distinct processes are paralleled by specific changes in brain oscillatory power.
By establishing synchronous firing patterns between neural populations, brain oscillations play a critical role in shaping synaptic plasticity, and are therefore a key mechanism for successful memory encoding. Several studies using EEG/MEG recordings in humans showed that brain oscillations during encoding predict whether an event will subsequently be remembered or not (Klimesch, 1999; Düzel et al., 2010; Nyhus and Curran, 2010) . These studies converge on the view that during encoding, a power increase in the theta (4 -7 Hz) and gamma (Ͼ25 Hz) frequency band, together with a power decrease in the alpha/beta (8 -20 Hz) band, predicts later recall (Klimesch et al., 1996; Weiss and Rappelsberger, 2000; Sederberg et al., 2003; Hanslmayr et al., 2009b) . Theta oscillations in medial temporal lobe regions have been suggested to promote long-term memory formation via modifying synaptic plasticity (Axmacher et al., 2006; Rutishauser et al., 2010) , and to reflect item-context binding (Summerfield and Mangels, 2005) . Decreases in alpha and beta power have been interpreted to reflect semantic memory processes (Klimesch, 1999) . Specifically, a recent study showed that power decreases in the lower beta band reflect semantic encoding (Hanslmayr et al., 2009b) , suggesting a link between beta oscillations and left inferior prefrontal cortex activity. However, no study has yet successfully drawn a link between the brain oscillatory and BOLD signal subsequent memory effects (SMEs).
Examining simultaneous EEG-fMRI recordings in humans, the current study was aimed at bridging the gap between neural synchrony and regional BOLD activity underlying successful memory encoding. Subjects studied short lists of words and were later asked to recall as many words as possible. To integrate EEG and fMRI activity, we conducted EEG source localization as well as single-trial analyses correlating oscillatory power measures with BOLD signal. Based on previous findings, we hypothesize a functional link between beta oscillatory subsequent memory effects and BOLD signal in the left inferior prefrontal gyrus, and between theta oscillatory subsequent memory effects and BOLD signal in medial temporal lobe regions.
Materials and Methods
Subjects. Twenty-four volunteers participated in the experiment, three of them being excluded due to an insufficient number of artifact-free trials. The remaining sample (mean age: 23.1; range: 20 -29 years) consisted of 7 males; 20 participants were right handed. All volunteers spoke German as their native language, reported no history of neurologic or psychiatric disease, and had normal or corrected to normal vision. All participants gave their written informed consent, and the experimental protocol was approved by the local ethical review board.
Material. As study material, 240 words were drawn from the MRC Psycholinguistic Database (Coltheart, 1981) , translated into German. The word material was split into 12 lists of 20 words each. The lists were matched according to word frequency (mean, 52.95; SD, 51.12), number of letters (mean, 5.36; SD, 1.15), syllables (mean, 1.69; SD, 0.54), concreteness (mean, 542.9; SD, 42.5), and imagability (mean, 563.24; SD, 32.3) .
Experimental protocol. The experimental data were collected as part of a larger study that focused on the neural correlates of directed forgetting (data reported elsewhere; for a recent review on directed forgetting, see Bäuml et al., 2010) . In the experiment, participants performed 12 studytest runs. Within each run, participants studied a list of 20 words. In six forget-condition runs, a cue was presented in the middle of the list instructing subjects to forget the words from the first half of the list. The second half of the list always had to be remembered. For the current study, only words that were to be remembered were used for the subsequent memory analysis. The words were presented in black font on a gray background. Each word was presented for 2.5 s, preceded by a fixation cross with a variable duration of 1.5-2.5 s.
After encoding, a visual feature detection task was performed as a distracter task (lasting ϳ3 min), during which subjects were presented with arrays of randomly oriented Gabor patches. Half of the arrays contained a path of 10 collinearly oriented Gabor elements, and the task was to indicate whether or not an array contained a Gabor path (Field et al., 1993) . Thereafter, a free recall test of 2 min duration was conducted, during which the participants were asked to recall as many words as possible. Verbal responses were recorded using an fMRI-compatible microphone (MR confon). Scanner noise was removed from the resulting audio files using the free software package Audacity (http://audacity. sourceforge.net/). The free recall test was followed by a 30 s resting period, during which participants were instructed to relax.
EEG-recording. The EEG was recorded from 62 channels, mounted in an elastic cap (EasyCap) and positioned according to the international 10-10 system. An MRI compatible amplifier together with the "Syncbox" device was used (Brain Products). The "Syncbox" synchronizes the clock of the EEG amplifier to the clock output of the MR scanner, which facilitates off-line removal of the MR gradient artifact. FCz was used as reference electrode, and impedances were kept below 20 k⍀. Vertical eye movements were recorded with an additional channel placed below the left eye; the ECG was recorded by an electrode placed below the left scapula to facilitate off-line removal of cardio-ballistic artifacts in the EEG data. The signals were amplified between 0.1-100 Hz. A notch filter at 50 Hz was used. The EEG data were sampled at 5 kHz.
EEG-preprocessing. Before analysis, the EEG data were corrected for the MR gradient artifact and the cardio-ballistic artifact. Both artifacts were removed using the FMRIB plug-in for EEGLAB (Delorme and Makeig, 2004; Niazy et al., 2005) , running under MATLAB (The MathWorks). The MR gradient artifact was corrected using a template subtraction algorithm. The exact onset of the artifact was known from triggers delivered from the MR scanner every time a new image was acquired. The average template was then subtracted from the recorded EEG time course. For template construction, a moving average of 21 neighboring images and a linear combination of the major principal components describing the residual artifacts were used. The corrected data were then down-sampled to 500 Hz and high-pass filtered (using a finite impulse response, FIR, filter) at 0.5 Hz. Residual artifacts, due to incomplete gradient artifact removal or other idiographic artifacts, were identified and removed by careful visual inspection.
The cardio-ballistic artifact, which is generated by blood pulses, was corrected using the same algorithm implemented in the FMRIB plug-in. This algorithm performs a temporal principal component analysis separately for each EEG channel. The first three components were taken as an optimal basis set for describing the artifact shape, amplitude, and scale. This set was fitted to and then subtracted from each artifact occurrence. As for the removal of the MR gradient artifacts, this was performed separately for each EEG channel.
In a last step, the cleaned EEG data were subjected to an infomax independent component analysis to correct for residual artifacts (e.g., eyeblinks, eye movements, or tonic muscle activity). The data were then segmented into epochs ranging from Ϫ2.5 to 2.5 s relative to word onset. Before EEG analysis, the single trials were visually inspected and rejected if they contained residual artifacts. Thereafter, on average 81.4 trials (range: 35-124) and 46.5 trials (range: 18 -107) remained for the laterremembered and later-forgotten conditions, respectively.
EEG-analysis. Analysis of EEG activity was performed using selfwritten MATLAB scripts. For time-frequency analysis the EEG epochs were subjected to a Gabor transformation, which transforms a signal into a complex time-frequency signal, from which the power information can be extracted. The data were filtered in a frequency range of 4 -100 Hz. The filter parameter for time-frequency resolution (gamma) was set to 1 for the lower frequency range (4 -20 Hz), to for the middle frequency range (20 -45 Hz), and to 2 for the high frequency range (55-100 Hz). This procedure of changing the time-frequency resolution of the Gabor filter with increasing frequency (analogous to a Morlet wavelet transformation) ensures that the time-frequency characteristics of the different frequency bands are optimally picked up. Power values were calculated for each single trial, and averaged across trials within the two conditions (later remembered, later forgotten). These power values were then baseline corrected using a baseline interval of Ϫ1 to Ϫ0.5 s before word onset. The resulting power values represent percentage signal change with respect to that baseline (Pfurtscheller and Aranibar, 1977) .
To identify significant brain oscillatory SMEs, nonparametric randomization tests were conducted for selected time-frequency windows. These time-frequency windows were determined by averaging the power data across all channels, and calculating Wilcoxon sign-rank tests between the two conditions in each time-frequency bin. Averaging the power data across all channels was done to reduce topographical noise, similar to, e.g., the global field power approach for identifying effects of interest in multichannel arrays (Michel et al., 2004) . This approach ensures that only effects that are consistent across several electrode positions reach significance. An effect was taken to be significant if it spanned at least two frequency bins (2 Hz) and persisted for at least 0.5 s. Nonparametric randomization tests were then conducted for these timefrequency windows to account for multiple testing due to the 62 EEG channels. This procedure is based on the randomization approach by Blair and Karniski (1993) and has been described in detail previously (Hanslmayr et al., 2009a (Hanslmayr et al., ,b, 2010 . In short, this procedure determines the level to which a given number of significant electrodes can be expected by chance, based on permutation of the observed data.
For EEG source localization, a frequency-domain adaptive spatial filtering dynamic imaging of coherent sources (DICS) algorithm (Gross et al., 2001) , as implemented in the fieldtrip software (http://fieldtrip.fcdonders.nl/), was applied. This algorithm enables DICS and constructs a spatial filter optimized for a specific location (voxel), based on the cross-spectral density matrices obtained from the data. For source localization, individual boundary element models (BEMs) were used, which were constructed from individual structural brain images. The forward model for source reconstruction was computed using the OpenMEEG plugin for fieldtrip software, on a 5 mm grid of source positions covering the wholebrain compartment of the BEM (Gramfort et al., 2010) . Source analysis was performed for the time-frequency windows in which significant results were obtained on the scalp level. For the beamformer algorithm, it is crucial that an equal number of trials is used in each experimental condition. To meet this requirement, the same number of trials as available in the condition with the lower trial number was randomly selected.
fMRI recording and analysis. Imaging was performed using a 3 tesla MR head scanner (Siemens Allegra). During fMRI scanning, 2226 -2286 whole-brain images, consisting of 34 axial slices, were continuously acquired using an interleaved, standard T2*-weighted echo-planar imaging sequence (repetition time TR ϭ 2000 ms; echo time TE ϭ 30 ms; flip angle ϭ 90°; 64 ϫ 64 matrices; in-plane resolution: 3 ϫ 3 mm; slice thickness: 3 mm). High-resolution sagittal T1-weighted images were acquired after the functional scans, using a magnetization-prepared rapid gradient echo sequence (TR ϭ 2250 ms; TE ϭ 2.6 ms; 1 mm isotropic voxel size) to obtain a 3D structural scan.
Image preprocessing and statistical analysis was performed using SPM5 (Wellcome Department of Cognitive Neurology, London, UK: www.fil.ion.ucl.ac.uk/spm), running on MATLAB. After discarding the first few images of each session, time series were corrected for differences in slice acquisition time, unwarped, and spatially realigned to the first image of the session. The average maximum movement in the x, y, or z direction was 0.799, 1.373, or 2.552 mm, respectively, which is below the voxel size (3 mm). The mean functional image was coregistered with the structural image, which was then normalized to a MNI (Montreal Neurological Institute, www.mni.mcgill.ca) template in standard stereotactic space. The resulting normalization parameters were then applied to all functional images, which were smoothed with a Gaussian kernel of 8 mm (FWHM).
An event-related design was used for fMRI analysis. The single-subject hemodynamic responses were modeled by convolving delta-stick functions aligned to the onset of each word with a first-order canonical hemodynamic response function (Friston et al., 1995) . The resulting time series were then used as regressors in a voxelwise, fixed-effects general linear model for each subject. Two separate regressors were formed corresponding to words that were later remembered and words that were later forgotten. These onsets were associated with a parametric modulator containing the single-trial power of the frequency band of interest, averaged across those time-frequency windows and electrode sites that showed significant subsequent memory effects (Fig. 1) . These power values were z-transformed to minimize between-subjects variance, and missing values due to artifacts were replaced by zeros (i.e., the mean power across all trials). The resulting data were high-pass filtered at 256 s. Further regressors of no interest modeling the baseline periods, free recall periods, encoding periods of to-be-forgotten words, the distracter task, sessionspecific effects, and movement parameters determined during realignment were also included in the model. Two separate models were constructed for each frequency band (theta and beta).
For analysis of conventional fMRI subsequent memory effects, individual t maps were calculated by contrasting later-remembered and later-forgotten words, using the original onsets of the words. For analysis of the correlation between EEG power and BOLD signal, individual t maps were derived from contrasts corresponding to the positive and negative weights of the parametric modulator. These t maps were calculated separately for laterremembered and later-forgotten words. Planned comparisons were conducted for conventional subsequent memory effects, and positive and negative correlations between BOLD signal and EEG power for laterremembered words. Individual t maps were then entered into a group-level, random-effects analysis. Statistical analyses were restricted to anatomically defined regions of interest (ROIs), which comprised the medial temporal lobe (bilateral hippocampus and parahippocampal cortex) and the left inferior prefrontal cortex. The WFU PickAtlas toolbox (Wake Forest University, School of Medicine, Winston-Salem; www.fmri.wfubmc.edu/cms/software) was used for ROI definition. Only clusters within these ROIs exceeding an extent threshold of 5 voxels at an uncorrected p level of 0.005 are reported. An additional exploratory whole-brain analysis was conducted using a threshold of p Ͻ 0.001 (cluster Ͼ 10 voxels). Mean Eigenvalues of functional regions of interest were extracted using the EasyROI toolbox (www.sbirc.ed. ac.uk/cyril/cp_download.html), and BOLD signal time courses were extracted using MARSBAR (http://marsbar.sourceforge.net/).
Results

Behavioral
On average, participants recalled 64.5% (range: 23.0 -88.3%) of the items, demonstrating that they were able to efficiently encode the word material. 
EEG results
The brain oscillatory SMEs are plotted in Figure 1 . Significant SMEs were obtained in the theta (5-8 Hz) and beta (17-20 Hz) frequency ranges (Fig. 1a) . The SME in the beta band was evident from 0 to 1.25 s after stimulus onset and showed a left frontal topography. The beta oscillatory SME was due to a power decrease for later-remembered compared to later-forgotten items, and was source-localized to left inferior prefrontal regions (Fig. 1b) . This effect largely replicates the SME reported in our previous study (Hanslmayr et al., 2009b) . In the alpha frequency band, a similar but nonsignificant SME was observed (p corr Ͼ 0.05). The SME in the theta band emerged in a later time window, from 1.5 to 2.0 s after stimulus onset over temporoparietal electrode sites (Fig. 1a) . The theta oscillatory SME was due to higher levels of theta power for later-remembered than for later-forgotten items and was sourcelocalized to medial and ventral temporal regions (Fig. 1c) . The SMEs in the theta and beta frequency band were not correlated across subjects (p Ͼ 0.5), and no SMEs were observed in the higher frequency ranges (20 -100 Hz).
fMRI results
The SMEs of the fMRI are shown in Figure 2 (see Table 1 for details). The ROI analysis (see Materials and Methods) revealed that the most pronounced SMEs emerged in the left prefrontal cortex. Two clusters were located in the left inferior frontal gyrus (IFG), covering the ventral portion of BA 9 and a more anterior region corresponding to BA 46 and extending to BA 45. A third cluster was found in the right parahippocampal cortex (ϳBA 36). All regions showed a more positive BOLD signal during encoding of later-recalled compared with later-forgotten items (Fig.  2c,d) . These results are largely consistent with previous fMRI studies (Kim, 2011) . No additional regions showed SMEs in an exploratory whole-brain analysis (p Ͻ 0.001; uncorrected; cluster Ͼ 10 voxels).
EEG-fMRI results
Results of the trial-by-trial correlation analysis between EEG power and BOLD signal are shown in Figure 3 (see Table 2 for details). ROI analysis revealed that during encoding of later-recalled items, beta power correlated negatively with the BOLD signal in several regions within the left IFG (BA 9, BA 45/46, and BA 47), overlapping with those areas where SMEs were observed (Fig. 3a ). An additional whole-brain analysis (p Ͻ 0.001; uncorrected; cluster Ͼ 10 voxels) revealed no further negative or positive correlations between beta power and BOLD signal. No correlations with beta power were observed during encoding of later-forgotten items. Notably, the negative correlation between beta power and BOLD signal in the two IFG regions (BA 9 and BA 45/46) was significantly more pronounced for later-recalled than for later-forgotten items (F (1,20) ϭ 6.04; p Ͻ 0.05; see Fig. 3b No positive or negative correlations between BOLD signal and theta power were observed during encoding of later-recalled and -forgotten items in both the ROI and the whole-brain analysis.
Control analysis
As noted above (Materials and Methods), the data were collected as part of a larger study that focused on the neural correlates of directed forgetting. Although only items from the to-be-remembered conditions entered the analysis, a priori the SMEs might have been differentially affected by the instruction (remember or forget), which was given in the middle of the word lists. To account for this possibility we performed a two-way ANOVA on the fMRI data with the factors INSTRUCTION (forget vs remember) and MEMORY (later remembered vs later forgotten). Even at a very lenient threshold (p Ͻ 0.05; cluster Ͼ 5 voxels), no interaction was observed in any of the regions showing SMEs. This strongly suggests that the SMEs were not differentially affected by the forget/ remember instruction.
Discussion
The results of the present study provide a first link between brain oscillatory and fMRI subsequent memory effects. Our findings indicate that beta oscillations during memory formation operate Cluster size is given in voxels. HS, hemisphere; L, left; R, right; BA, (approximate) Brodmann's area. *Survived cluster-level correction for multiple comparison (p corr Ͻ 0.05).
in the left inferior prefrontal cortex, which has consistently been linked to successful memory encoding (Wagner et al., 1998; Paller and Wagner, 2002) . This conclusion is supported by converging evidence from the EEG source localization on the one hand, which identified the left inferior prefrontal cortex as the source of the beta oscillatory SME, and by the single-trial EEG-BOLD correlations on the other hand, revealing a negative correlation between beta power and BOLD signal within a left inferior prefrontal region that overlapped with the region showing a significant SME. On a more general level, this result is in accordance with previous studies reporting a negative correlation between beta power and BOLD signal in task-relevant areas (Ritter et al., 2009; Scheeringa et al., 2011) . When recording the EEG inside the MR scanner, the EEG is heavily contaminated by several artifacts (e.g., MR gradient, blood pulse) eliminated in various preprocessing steps (Niazy et al., 2005; Debener et al., 2006) . To clear up potential doubts about the reliability of EEG results obtained in the MR scanner, it is crucial to validate the EEG findings based on results from similar conventional EEG/MEG studies. Indeed, the SMEs in the beta frequency band closely replicate the results from a previous EEG and a previous MEG study observing SMEs with similar topographical and temporal characteristics (Hanslmayr et al., 2009b; Meeuwissen et al., 2011) . With regard to theta oscillations, our results also replicate previous studies in demonstrating that increased theta power during encoding reflects successful memory formation (Summerfield and Mangels, 2005; Osipova et al., 2006; Nyhus and Curran, 2010) . The topography of the theta oscillatory SME in the current study is comparable to that obtained by Osipova et al. (2006) , who also reported theta SMEs over temporal recording sites. These results suggest that reliable EEG results can be obtained during MR scanning.
In contrast to the positive SMEs (e.g., increased power for later-remembered items) that have been reported in the theta frequency band, beta oscillations typically show negative SMEs (e.g., decreased power for later remembered). This has been shown in surface (Weiss and Rappelsberger, 2000; Hanslmayr et al., 2009b) and intracranial (Sederberg et al., 2003 (Sederberg et al., , 2007 EEG recordings. To date, however, little is known about the functional role of beta power decreases, especially with regard to memory formation. We suggest that beta oscillations in the left inferior prefrontal cortex reflect semantic processing of to-bememorized items. This interpretation is corroborated by a prior EEG study that showed that beta oscillations during memory encoding specifically index semantic encoding (Hanslmayr et al., 2009b) , and by fMRI studies that demonstrated that activity in the left inferior prefrontal cortex supports semantic processing (Gabrieli et al., 1998; Otten and Rugg, 2001 ). Similar to this prefrontal region, beta oscillations thus are likely to promote semantic processing of the memory material, which typically leads to rich, easily accessible memory traces (Craik and Lockhart, 1972) . Importantly, a correlation between beta power and prefrontal BOLD signal was obtained only during the encoding of items that could later be recalled, but not for those items that were later forgotten. This result suggests that correlations between BOLD signal and brain oscillations depend on the current state of the neural system (e.g., whether semantic processes and their corresponding correlates are currently engaged). This novel finding has broad implications for simultaneous EEG-fMRI studies in general, which, to our knowledge, have so far mostly investigated EEG-BOLD correlations in experimentally uncontrolled settings (e.g., resting states; Debener et al., 2006; Mantini et al., 2007; Laufs, 2008) , and might thus not generalize to different taskactive conditions.
The SMEs in the theta frequency band were localized in medial temporal regions, close to the parahippocampal cortex that also showed fMRI SMEs. Theta oscillatory SMEs in the medial temporal lobe have previously been demonstrated in intracranial EEG recordings (Sederberg et al., 2003; Rutishauser et al., 2010) , and have been suggested to modify synaptic plasticity (Axmacher et al., 2006; Düzel et al., 2010) . Moreover, theta oscillatory and fMRI SMEs in the medial temporal lobe have been shown to promote the binding of an item to its spatiotemporal context (Summerfield and Mangels, 2005; Staresina and Davachi, 2009 ). Our finding of increased theta power in medial temporal regions for later-recalled items is consistent with this prior literature. An open question, however, is why we did not obtain a positive correlation between BOLD signal and theta oscillations in the medial temporal lobe during the encoding of later-remembered items. One possible reason is the low signal-to-noise ratio in this brain region, as indicated by the weak SMEs (e.g., only a cluster of 9 voxels showed a significant SME at a threshold of p Ͻ 0.005, uncorrected). Alternatively, a previous meta-analysis showed that the SMEs in the medial temporal lobe are more pronounced for pictorial and associative memory material than for single words (Kim, 2011) , and the single words used in the current study might thus not have sufficiently activated the medial temporal lobes. As shown by our results in the beta oscillatory frequency band, the single-trial correlations between BOLD signal and EEG can depend on whether the cognitive process activating a certain brain region is engaged or not. Therefore, future combined EEG- fMRI studies exploring the relation between MTL activity and theta oscillations should use an encoding task that strongly activates the MTL. When conducting single-trial correlations between BOLD signal and EEG power, it is important to consider that effects in the two modalities can be driven by different physiological processes. Whereas BOLD signal primarily reflects metabolic demands and thus the number of active neurons within a population (Logothetis et al., 2001; Mukamel et al., 2005) , EEG power can be modulated by two mechanisms. Specifically, a power increase can reflect either an increased number of active neurons (current dipoles) firing asynchronously, or a constant neural population firing with increased synchrony. In the latter case, band-specific EEG power can change solely as a function of synchrony, with no metabolic demands of an area (Nunez and Srinivasan, 2006) . If theta power increases in the hippocampus were driven by such increases in synchrony, this would explain the absence of a correlation between theta power and BOLD signal in the MTL, despite both regions showing SMEs.
An interesting aspect of the current results is the temporal sequence of the SMEs in the beta and theta frequency band. Whereas the beta SME effect emerged in an early time window (0 -1.25 s), the theta SME emerged later (1.5-2 s) around the time when the beta SME disappeared. This result further corroborates the assumption that beta and theta oscillatory SMEs are related to different cognitive processes, as they exhibit not only separable spatial but also distinct temporal characteristics. Based on our previous interpretations, this result suggests that subjects first process the semantics of an item, and subsequently recruit item-context binding mechanisms to successfully encode the material.
Our study is the first to shed light onto the relationship between BOLD signal and brain oscillations during successful memory formation. Our results strongly suggest that decreases in beta oscillatory power during encoding operate in the left inferior prefrontal cortex, presumably reflecting semantic processing of the memory material. Moreover, we found that the correlation between BOLD signal and beta power strongly depends on whether the item was later remembered or not, providing the first evidence that single-trial correlations between BOLD activity and EEG measures crucially depend on the cognitive and brain processes that are currently active.
